An ever growing number of studies involves the production of thin metal oxide films for various purposes, from surface hardening to sensing, to the production of self-cleaning surfaces. Among metallic oxides, titanium dioxide is by far the most investigated: it can be produced by anodic oxidation of titanium in a large variety of electrolytes, either acid, alkaline, or neutral, and within certain limits oxide thickness is linearly proportional to the cell voltage applied. Common industrial plants for titanium anodising use acid electrolytes, which may pose safety issues as well as plant corrosion issues. This article proposes a screening of most common, plus some uncommon, electrolytic solutions used in the anodising of titanium, in order to identify suitable alternatives to acids in the range of neutral electrolytes. Oxides produced in optimal conditions are fully characterised, and treatment robustness is investigated, in order to understand the feasibility of technological transfer. A selection of anodising electrolytes and conditions is finally proposed for applications in architectural and jewellery applications, together with a method for colour restoration in case of wear or mechanical damaging.
INTRODUCTION
It is well known that the formation of a transparent oxide film on reflective surfaces, such as metallic ones, with thickness ranging from a few nanometres to a few hundreds nanometres, generates the appearance of chromatic effects arising from the interference of light radiation with the oxide [1] . These effects were first investigated and replicated by metal oxidation in early XIX century by Leopoldo Nobili, who is now considered the father of metallochromic art [2] .
The physical principles underlying the formation of interference colours by anodic oxidation of titanium and other valve metals have already been described elsewhere [3] [4] [5] [6] . These colours are of particular interest for two reasons: the aesthetic quality obtained on oxidised metals, and the possibility to provide an indirect measurement of oxide thickness through the analysis of interference spectra. Yet, the robustness of the anodising treatment becomes vital to ensure brilliant and durable colours with reproducible hues, since in industrial processes parts that do not meet colour match criteria must be rejected [7, 8] . Moreover, such process should, on one side, avoid alterations to surface finishing, and on the other side ensure to reach the lifetimes required by such applications, especially in presence of potential corrosion and wear issues -e.g., erosion by environmental dust, or prolonged contact with skin in consumer products [9] [10] [11] [12] [13] . This is even more important in biomedical applications, where coloured anodised titanium finds use in osteosynthesis devices and dental implants, with an added value of lower ion release and better tolerance by surrounding tissues compared with steel alloys [14, 15] .
From an industrial point of view, anodic oxidation of titanium does not meet the large diffusion of aluminium, since it is mostly used on biomedical devices and jewellery, going from manual anodising lines to a handicraft connotation [15, 16] . Titanium anodizing is traditionally performed in either acidic or alkaline electrolytes [17] [18] [19] , requiring a wastewater treatment reactor to be added to the plant. On a research level, other conductive media are being explored, on account of the requisite of reducing the impact of large volumes of chemicals on plants, as well as the impact of their disposal in the environment [20] [21] [22] [23] [24] : in fact, acid wastes are considered as hazardous, and need separate and more expensive management.
To meet this aim, this work is intended to provide a comparison among different anodic oxidation conditions, focusing on different compositions of electrolytic solution -already mentioned, but to our knowledge not sufficiently explored, in literature [17, [25] [26] [27] [28] -in order to identify suitable colouring treatments with potential for industrial transfer. To meet this aim, several electrolytes will be considered, either acids or salts, and particular attention will be given to the range of hues achievable and to their saturation.
EXPERIMENTAL

Materials
Among most diffuse titanium grades, titanium grade 2 following ASTM classification was used as substrate for anodising. Degreasing with acetone and mechanical polishing down to 1200 grit were employed to clean the metal surface and improve its homogeneity.
Anodising was carried out in a series of electrolytes of different composition, concentration and pH. Compositions are summarised in Table 1 . To maintain an industrial perspective, all neutral electrolytes chosen do not present issues of availability, nor toxicity; basic prices range are in the order of 30 € per kg (sodium cation) or 75 € per kg (ammonium cation)taking the Sigma-Aldrich online catalogue as reference, as it is one of the largest providers of chemicals [29] . Electrolytes with same anion, or same cation, and different pH were compared. In all cases, anodising conditions were the following: cell voltages applied ranging between 10 V and 100 V, measured as potential difference between the titanium anode and an activated titanium net used as cathode, and current density of 100 A/m 2 ; solution temperature and pH were recorded before and after anodising each sample. Anodising was also repeated after a second pickling stage applied on already anodised samples: this would represent the possibility of re-colouring from new a damaged surface in case colour is removed accidentally or by wear. In the most appealing electrolytes anodising was repeated on several specimens in the same volume of solution to check if electrolyte consumption would affect the process, and the amount of titanium that could be anodised before needing to refresh the electrolyte.
Characterisation
Specimens were characterised from the point of view of oxide colour, thickness, and crystalline structure. Colour was measured by spectrophotometry (Konica Minolta CM-2600d, light source: D65); values were elaborated by applying the CIELab standard system, in which each colour is represented by a point in the Lab space, where a*, b* and L* correspond to hues ranging from green to red, hues ranging from yellow to blue and lightness ranging from black to white, respectively. Moreover, polar coordinates in each section of the Lab colour space at constant lightness identify colour hue, h, as angular coordinate and chroma, C, as in-plane saturation [30, 31] . From reflectance spectra provided by spectrophotometric analyses it was also possible to infer the thickness of the anodic oxides, as already described in previous works [18, 28] : curves were fitted by using the refractive index dispersion law given in [16] .
Wear resistance
Finally, the resistance of selected colours to wear was evaluated by means of pin-on-disc tests in synthetic sweat, to replicate the contact with skin and third parts typical of jewels -e.g., other jewels, objects in a drawer, hard surfaces hit during its use. Composition of synthetic sweat is reported in Table 2 . The formulation used follows indications from standard EN 1811 [32] , except for the use of KOH instead of NH4OH to adjust pH to values typical of skin. Pinon-disc was performed by means of a six-station AMTI OrthoPOD with an 8 mm diameter polypropylene pin: 5 N load was applied for the duration of the test, i.e., 12600 cycles at 0.5 Hz. 
Colour restoration
The last activity presented concerns the actions to undertake when an anodised surface is damaged and colour is partially lost, as a consequence of wear events. One possible solution is to completely remove the colour by chemical etching and anodise the object from new: this process would lead to the perfect restoration of initial surface colour, but it may be time consuming especially if surface finishing was different from simple surface etching -e.g., shot peening, or mirror polishing. In such cases, an alternative process is proposed, which consists of reanodising the coloured object with lower cell voltage compared with the initial one, in order to affect minimally the already coloured zones and restore the colour in the cancelled areas. To meet this aim, suitable voltage combinations were selected -a high voltage, V1, first applied to anodise the object, and a lower voltage, V2, used to recolour the surface after wear. It is of outmost importance to match V1 and V2 based on the resulting hues, which have to be as close as possible. A detailed analysis of possible V1-V2 couples is presented in the Results section.
RESULTS AND DISCUSSION
Screening of electrolytes
Given the large number of literature articles and the experience of the research group on the anodising of titanium in acid solutions, the following data will be discussed using as reference electrolytes sulphuric and phosphoric acid. Tetrafluoroborate acid anodising results are not presented since no anodising could be performed even in diluted solutions, owing to the burning of titanium surface.
Concerning oxide growth, the well-known linear trend of increase in oxide thickness with cell voltage [3] [4] [5] [6] was observed ( Figure 1a ); the anodising ratio (AR), i.e., oxide nanometres grown per voltage applied, calculated as the slope of voltage-thickness curves linear interpolation are summarised in Table 3 . Very similar thickness and AR values are obtained in all electrolytes with the exception of those containing tetrafluoroborate, which appear to produce more pronounced growths. At the highest voltages, thickness obtained in BF4containing solutions differed by 30% to 50% in excess from thickness obtained in any the other electrolyte. This implies the obtaining of different hues, as shown in Figure 1b , which represents colour coordinates of the oxides with lowest and highest AR, as extracted from spectrophotometric measurements through the software SpectraMagic NX. It can be seen that colour evolves faster for oxides with higher AR: for instance, the first green hue appears on titanium anodised in NaBF4 by applying 40 V, while more than 60 V are needed in NH4H2PO4, which leads to a wider amount of colour hues that can be produced for a given voltage range. Furthermore, it is possible to correlate oxide growth with anodising kinetics, which appears to change from linear (H3PO4) to parabolic (H2SO4). Figure 2a reports the anodising kinetics observed in the electrolytes considered, in terms of time required to reach a given cell voltage:
at first, it is interesting to notice how the two acid electrolytes considered correspond to the two extreme behaviours. In fact, anodising is particularly fast in phosphoric acid, while in sulphuric acid the time required to reach a same voltage is double from the very beginning of the process -low cell voltages -and reaches tenfold durations at the maximum imposed voltage of 100 V. This should be ascribed to three contributions: a higher oxide solubility in the more aggressive sulphuric acid; the onset of parasitic oxygen evolution at the anodewhich takes place in both electrolytes but to a different extent [15, 33, 34] ; and temperature variations induced by an early onset of sparking conditions in H2SO4, which increases locally the temperature and slows down the whole anodising process [35, 36] . All other electrolytes are positioned intermediately, and their behaviour is dependent on both the anion and the cation:
• sulphate based solutions give a slower process on average than phosphate and fluoroborate ones, whose kinetics are extremely similar;
• ammonium based electrolytes all give an overlapping, fast kinetics, only slightly slower than phosphoric acid, while the presence of sodium largely slows down the process. Given the applied nature of this analysis, which is aimed at defining the most efficient anodising procedure to achieve a large variety of colour hues at the surface of titanium, it is even more important to consider the actual process yield. In fact, anodising kinetics as it is usually given -i.e., as time required to reach the imposed voltage, as this is the parameter that can be set in the process -is not completely representative of how performing is the process.
To achieve a particular colour, oxide thickness is the ruling parameter rather than voltage;
although there is a linear relationship between the two, AR is not the same for all electrolytes.
As a consequence, processes that would appear very similar in terms of time employed are not, owing to the difference in oxide thickness associated with a same cell voltage. This is the case, for instance, of oxides grown in ammonium based electrolytes (Figure 2b ): although to reach the highest voltage, 100 V, approximately 50 s are needed independently on the anion associated, oxide thickness is much higher in fluoroborate electrolyte. This means that in this solution the time required to achieve a particular colour (thickness) is lower than in ammonium sulphate or phosphate, which makes it more performing.
Finally, a further consideration was drawn on the quality of colours obtained. While hues are important to define the range of colours available on titanium, another crucial parameter is colour saturation, which is represented in Figure 3 in the form of chroma -i.e., in-plane saturation at a given lightness. Lightness itself was not considered as it strongly depends on substrate pretreatments and finishing. As can be noticed, phosphate containing acid electrolytes (H3PO4, NH4H2PO4) cause the formation of colours with low saturation, which is detrimental to the final results: for this reason, they were discarded in subsequent investigations. On the contrary, in neutral to slightly alkaline conditions a higher saturation is achieved. 
Colouring process evaluation in selected electrolytes
After this initial screening, the more promising electrolytes were further analysed, and repeatability tests were performed by anodising 15 samples at 100 V in each solution, consecutively and without substituting the electrolyte. Results are presented in Figure 4 :
colours are reproduced in the a*-b* section of the CIELab sphere, and the range of hues obtained is highlighted in terms of maximum hue angle difference among the replicates.
Moreover, anodising time was also recorded and the variation indicated in the table integrated in Figure 4 .
While fluoroborate containing electrolytes tend to produce highly saturated colours, as also evidenced in Figure 3 , the process lacks reproducibility: hues can differ even by 60°, which is extremely large, and not acceptable industrially when several workpieces must be realised with same colour. On the contrary, the best reproducibility is presented by titanium anodised in sulphate based solutions, and in particular H2SO4, as already noticed in previous works [16] . Unfortunately, this process is the longest (Figure 2 ): while for low voltages it is competitive with the other electrolytes, above 80 V anodising kinetics is slowed down by the onset of dielectric breakdown [35, 36] . Moreover, the range of hues is more limited in sulphate based electrolytes compared with fluoroborate ones, especially in (NH4)2SO4, which -on the other hand -appears to be the one with closest performances to fluoroborate solutions in terms of anodising time.
It is therefore clear that NH4BF4 presents the best compromise of colour hues ad saturation with high anodising kinetics, which would allow to set an economic process with potential for industrial transfer. Yet, although repeatability is better than that observed in the case of NaBF4, this parameter still needs to be improved for those processes where perfect colour reliability is required, for instance in architectural applications where tens of cladding panels are exposed side by side.
For this reason, such electrolyte was further investigated to develop a process that could allow to combine all necessary features: low anodising time, high repeatability of colour hue, high saturation and wide range of achievable hues. To conclude this evaluation and optimisation of process characteristics, it is possible to state that (NH4)2SO4 and NH4BF4 represent the best electrolytes to obtain wide ranges of colours with high saturation, with optimised high anodising kinetics. The former is suggested when ideal reproducibility is required, but larger voltages are needed to increase the range of colours, which increases the equipment costs: as already proposed, this could be suitable for architectural panels. Conversely, the latter allows to achieve the same colour spectrum with lower voltages, at the expense of colour reproducibility: the higher colour saturation makes this process particularly suitable for seminoble jewels production. Both of them present similar cost and no toxicity to the environment, thus eliminating environmental risks associated with waste management.
Evaluation of wear resistance
The last research step involved the evaluation of the oxide durability, especially meant for jewels, which may be in direct and sliding contact with other surfaces. Therefore, this evaluation was performed on the most suitable treatment identified, i.e., anodising in NH4BF4, and on our internal reference treatment, i.e., anodising in H2SO4. The surfaces of selected samples, anodised at 25 V, 60 V and 90 V, were subjected to pin-on-disc tests reproducing 8 months of wear in an environment of synthetic sweat. The choice of anodising voltages relies on the possibility of testing three ranges of oxide thickness and colours, as summarised in Table 4 . Tests were performed qualitatively, in order to point out possible colour alterations.
Overall colour variation was also calculated based on CIELab recommendations:
(eq. 1) In all cases a prolonged sliding caused a partial discolouration of the metal surface corresponding to the pin trajectory, which may result either in the disappearance of the oxide or to its thinning, and therefore in the evolution of colour to hues associated to lower thicknesses ( Figure 6 ). For instance, oxides produced at 90 V do not disappear completely, as in the case of 25 V, but rather change colour, passing from green or pink to a golden hue. This variation is only partially acknowledged by the ΔE calculated, whose value is mediated over an area of approximately 1.2 cm diameter, which therefore includes a consistent part of the pristine oxide. Moreover, the oxide produced at 60 V appears to be the least affected, as also proved by the lowest ΔE: this may be ascribed not to a higher durability, but rather to the slower change in hue in this portion of cell voltages, where a light yellow colour is preceded by a light green and followed by a stronger gold hue, therefore slight changes are less noticeable. More generally, results indicated a higher resistance to wear on samples anodised in NH4BF4, whose colour was maintained more uniform, while those anodised in H2SO4 showed a clearer trace of the polymeric pin on the surface. This tendency can be quantified by macroscopic colour measurements, whose spot is larger than the wear trace, therefore an only partial discolouration emerges from the decrease in colour intensity generally observed, and more evidently in samples anodised in H2SO4 (Table 4) .
A recolouration strategy is therefore required, aimed at refilling surface colour in the missing points.
Colour restoration
As anticipated in the Experimental section, complete recolouring can be considered with related advantages and drawbacks: here we present an alternative process, based on the reanodising of the coloured object, with lower cell voltage compared with the initial one, in order to affect minimally the already coloured zones and restore the colour in the cancelled areas. To meet this aim, a chromatic scale was built in NH4BF4, with more experimental points, in order to identify couples of Va -i.e., initial voltage, corresponding to the jewel hue -and Vb, to be applied as correction and leading to similar hue. Restrictions are as follow:
-Va > Vb, in order to avoid complete colour changes to the object and maintain the initial hue as unaltered as possible: in fact, even the application of same V1 voltage in a second anodising step would cause a change in surface colour;
-hVa ≈ hVb, to fill the missing points with colour similar to the original one.
First, a close-voltage approach was chosen, considering the re-anodising of samples at voltages only slightly lower than Va. A series of samples was anodised with voltages ranging from 3 to 100 V: each sample was anodised with incremental voltages Vi = Vi-1+ 3 V, and the colour difference between Vi and Vi-1 (which would act as Va and Vb, respectively) was calculated on the basis of CIELab colour coordinates as previously described.
This process would provide the recolouring of the cancelled parts by applying a voltage as close as possible to, but still lower than, the initial one. Since human eye is not able to perceive colour variations below ΔE = 3, a threshold of acceptability equal to ΔE = 3 was chosen, and an extended range of semi-acceptability of 7, which correspond to negligible to slightly perceivable variations.
Unfortunately, this approach did not lead to significant results. In fact, only one colour lies in the range of acceptability, i.e., light blue obtained at 35 V, as represented by the black circle in Figure 7 (the other black circle lies in the range of almost uncoloured titanium, below 9 V).
Moreover, few hues have similar colours in the close surroundings: these are represented by grey circles with solid black line, and refer mostly to pale hues in the 40 V to 60 V range (light green to yellow/gold). Finally, above 93 V very similar green hues are produced with different saturation, which gives a semi-acceptable ΔE. A new approach was considered, consisting of choosing similar hues in the whole range of anodising. The hue-voltage diagram was used to meet this aim. The adopted logic process is shown in Figure 8 . Several high voltage hues, ranging from pink to blue, to green and yellow, find counterparts in the low voltage region, although in some cases saturation is different (e.g., for Va = 93 V and Vb = 47 V have the same green hue but at 47 V chroma is only half). Two electrolytes were selected for different applications, both showing no toxicity issues.
(NH4)2SO4, a common fertilizer, was selected for architectural applications of anodized titanium, where colour tolerance is very strict owing to the need of exposing several components with identical colour close to one other. NH4BF4 is proposed for seminoble jewels production, where saturation is crucial and there is more tolerance on hues of single pieces. In the latter case, also resistance to sliding contact was evaluated to simulate the jewel wear during use; and a recolouring strategy is proposed, to allow easy restoration of the scratched or worn parts without replicating other surface finishing processes on the whole object.
